MicroRNAs (miRNAs) play important roles in biological development and disease. Much less is known about their role in normal adult physiology. The proximal convoluted tubule (PCT) and the medullary thick ascending limb (mTAL) in the kidney consist of epithelial cells with different transport activities. We identified 55 possible miRNA-target pairs of which the miRNAs and their predicted target proteins, many of which are involved in epithelial transport, were inversely enriched in PCT and mTAL. Some miRNAs appeared to have synergistic effects on shared targets. miR-192 and its predicted target the b-1 subunit of Na
INTRODUCTION
MicroRNAs (miRNAs) are a class of endogenous and conserved small RNA molecules that regulate gene expression. They primarily act by binding to the 3 0 -untranslated region (3 0 -UTR) of their target mRNAs to decrease protein abundance (1, 2) . Mechanisms of action other than the 3 0 -UTR interaction have been reported, most of
them not yet well understood (3) (4) (5) (6) (7) . Computational predictions based on sequence characteristics suggest the presence of multiple target genes for any given miRNA (8, 9) . Many miRNAs have been shown to play important roles in regulating developmental and pathological processes (10, 11) . Much less, however, is known about the role of miRNAs in normal, adult physiology. An exciting possibility is that miRNAs might have a critical role in determining or maintaining cell-type-specific physiological characteristics (i.e. cell identity) in a fully developed organism. The mechanism could work in coordination with transcriptional controls. For example, miRNAs can repress leaky transcripts or adjust the abundance of expressed genes (12) . While many miRNAs are clearly expressed in a tissue-specific manner, direct evidence for a functional role of miRNAs in maintaining cell-typespecific physiological characteristics has been scarce.
Nephron segments in the kidney, such as the proximal convoluted tubule (PCT) and the medullary thick ascending limb (mTAL), provide an excellent model for studying the role of miRNAs in the regulation of cell-type-specific physiological characteristics. Both PCT and mTAL consist of a homogeneous population of epithelial cells whose primary function is vectorial transport. Cells in both segments are derived from the same origin, the metanephric mesenchyme. However, PCT and mTAL differ in specific transport activities, which are critical for normal kidney physiology including the regulation of whole body fluid and solute homeostasis. It is unknown whether miRNAs play a role in regulating physiological characteristics of specific nephron segments including PCT or mTAL.
We report here evidence suggesting that miRNAs might be involved in maintaining numerous physiological characteristics that are specific to PCT or mTAL. Further experiments showed that miR-192 regulates Na 
MATERIALS AND METHODS

Animals
For the miRNA profiling study, male Sprague-Dawley rats weighting 290-330 g were used and maintained on the AIN-76A diet containing 0.4% NaCl (Dyets). To study the effect of salt intake on miR-192 expression, Sprague-Dawley rats were fed with the Basal Diet 5755 (0.24% sodium; TestDiet) and then switched to Low Sodium Diet 5881 (0.03% sodium; TestDiet). For the miR-192 knockdown studies, we used CD-1 mice, maintained on the 0.4% NaCl diet or a 4% NaCl diet (Dyets). For chronic monitoring of urine output and water intake, mice were housed in metabolic cages (Lab Products Inc.). Animal protocols were approved by the Institutional Animal Care and Use Committee.
Isolation of nephron segments
Left kidney was perfused with cold dissection solution, followed by digestion solution. The kidney cortex and outer medulla were separated and incubated in digestion solution. Digested tissue was microdissected under a stereomicroscope. See Supplementary Data for more details.
miRNA isolation
Isolated nephron segments from three rats were pooled together and miRNAs were isolated using the RT 2 qPCR-Grade miRNA Isolation Kit (SA Biosciences).
Real-time PCR miRNA array
We used RT 2 miRNA PCR Array System (SA Biosciences) and followed the manufacturer's protocol (13) . Three arrays were run for every nephron segment, each containing pooled samples from three rats (nine rats in total). Relative expression results were normalized across plates according to the total expression of all miRNAs on each plate.
Taqman real-time PCR
Expression levels of several miRNA and mRNA were measured using real-time PCR with Taqman chemistry (Applied Biosystems) as described previously (13) (14) (15) .
Protein database
The database of proteins that are segment-specific was compiled from original articles and two textbooks (Brenner and Rector: The Kidney, Saunders, 8th edition; Koeppen and Stanton: Renal Physiology, Elsevier, 4th edition).
Selection of possible miRNA-target pairs miRNA-target pairs were selected based on two criteria: (i) sequence characteristics (based on miRNA target prediction tools) and (ii) reciprocal expression of a miRNA and its predicted target protein in two nephron segments (16) . Three prediction tools were used: TargetScan v5.1 (http://www.targetscan.org/), MicroCosm Targets v5 (http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/tar gets/v5/) and microRNA.org (http://www.microrna.org/ microrna/home.do).
Western blot
Western blot was performed using primary antibodies obtained from Santa Cruz Biotechnology (17, 18) . Na + /K + -ATPase activity assay in crude membrane fractions
The assay was performed as described previously (19, 20) . See Supplementary Data for more details. 0 -UTR and P+5 0 -UTR reporter constructs
Reporter gene vectors, containing the 3 0 -UTR or the promoter region and 5 0 -UTR (P+5 0 -UTR) of a miRNA target gene, were constructed as previously described (13) (14) (15) . The UTR of the gene of interest was identified and amplified from rat genomic DNA. Primer sequences are listed in Supplementary Data. The PCR product was inserted into pMIR-REPORT vector (Ambion), adjacent to the 3 0 -end or 5 0 -end of the luciferase reporter gene for the 3 0 -UTR or P+5 0 -UTR assay, respectively.
Site-directed mutagenesis was performed with the QuickChange II XL Site-Directed Mutagenesis Kit (Stratagene), following the protocol suggested by the company (21) . Primers used for introducing mutations/ deletions are listed in Supplementary Data. The 3 0 -UTR-mutation construct had mutations introduced at nucleotides +143 to +145 relative to the first nucleotide in the 3 0 -UTR. The P+5 0 -UTR construct included the sequence $1 kb upstream of the transcription start site and the subsequent 5 0 -UTR of the Atp1b1 gene. Deletion and mutation were introduced at nucleotides À386 to À391 and À387 to À389, respectively, where +1 is the translation initiation site.
UTR reporter assay
The assay was performed as described previously (13) (14) (15) . HeLa or 3T3-L1 cells cultured in 96-well plates were co-transfected with the UTR reporter construct (100 ng per well), a pMIR-REPORT b-gal plasmid (50 ng per well) and pre-miR or control oligonucleotides (10 pmol per well). Twenty-four hours after transfection, luminescence from luciferase and b-galactosidase were measured. b-Galactosidase activity was used to normalize luciferase signals. See Supplementary Data for more details.
Atp1b1 promoter construct and promoter activity assay We followed the previously described approach (21 
RESULTS
miRNA expression profiles in glomeruli, PCT and mTAL
The three nephron segments were microdissected from rat kidneys and the sample purity of PCT and mTAL validated by determining expression of segment-specific marker genes ( Figure 1A and B). Abundance of 118 miRNAs in glomeruli, PCTs and mTALs was determined with miRNA PCR arrays, and the obtained expression levels are shown in Supplementary Table S1 . Among the analyzed miRNAs expressed in glomeruli, the most abundant were miR-126, miR-23b, miR-23a, miR-26a and let-7c. In PCTs, we found miR-16, miR-21, miR-192, miR-194, miR-30c and let-7c to have the highest expressions. miRNAs that were most abundant in mTALs were miR-100, let-7c, miR-30c, let-7b, miR-26a, miR-23a and miR-30a. We selected three miRNAs with various degrees of differential expression and measured their abundance by performing individual real-time PCRs based on Taqman chemistry. The Taqman analysis confirmed the expression patterns shown by the PCR array based on the SYBR Green method ( Figure 1C -E).
Differential miRNA expression between PCT and mTAL
PCTs and mTALs consist of epithelial cells that are generally similar and derived from the same developmental origin, yet significantly different in their transport activities. Thus, they provide a good model for identifying À cotransporter (Nkcc2) and aquaporin 2 (Aqp2) in the isolated nephron segments and in homogenates of cortex and outer medulla (O. medulla). Nkcc2 is selectively expressed in cortical and medullary thick ascending limbs. Aqp2 is selectively expressed in cortical and medullary collecting ducts. Both Nkcc2 and Aqp2 would be expected to be detectable in homogenates of the renal cortex and medulla. (A) In isolated PCT samples, expression of Nkcc2 and Aqp2 was nearly undetectable, excluding contamination by other tubular segments present in kidney cortex that express those genes (i.e. the cortical thick ascending limb and cortical collecting duct). *P < 0.05 versus the isolated segments. (B) In isolated mTAL samples, Nkcc2 was highly expressed whereas Aqp2 was largely depleted compared to the whole renal outer medulla, excluding significant contamination by the medullary collecting duct. *P < 0.05 versus the isolated segments. Relative expression levels of let-7e (C), miR-192 (D) and miR-382 (E) in glomeruli (Glom), PCT and mTAL obtained by PCR array using Sybr Green chemistry (Array) were confirmed by individual real-time PCR using Taqman chemistry (qPCR). n = 3, with each sample consisting of tissues obtained from three rats. *P < 0.05 versus the other segments. miRNAs involved in determining cellular differences that are subtle yet important. Figure 2 shows 31 miRNAs that were differentially expressed in these two nephron segments. Nineteen of those miRNAs had significantly higher abundance in PCT compared with mTAL, and 12 miRNAs were more highly expressed in the mTAL segment.
Segment-specific protein expression database
By performing an extensive literature search, we generated a list of genes known to be differentially expressed in PCT and mTAL at the level of protein abundance (Supplementary Table S2 ). We identified 23 proteins, and the large majority (21 of 23) was involved in tubular transport processes.
miRNA-target pairs in PCT and mTAL miRNAs bind to target sequences with imperfect complementarity, making it highly challenging to predict miRNA-target pairs. Only a small fraction of computationally predicted miRNA-target interactions has been experimentally confirmed. We reasoned that reciprocal expression of a miRNA and a predicted target would support the presence and relevance of a miRNA-target protein pair (16) . Reciprocal expression was defined as a miRNA being up-regulated and a protein being downregulated, or the other way around. We examined miRNAs and proteins that were found to be differentially expressed in PCT and mTAL (shown in Figure 2 and Supplementary Table S2) , which formed 620 possible pairs. Of the 620 pairs, 55 were predicted to be high-probability miRNA-target pairs based on the following: (i) their sequence characteristics, as determined by Interaction between selected miRNAs and their predicted targets was tested with the 3 0 -UTR reporter assay. We selected miRNAs that were highly abundant and that were predicted to have multiple targets relevant in kidney physiological processes. miRNA mimics, compared with control oligonucleotides, significantly reduced luciferase activity of the reporter vectors containing their target 3 0 -UTR sequence, which supported the presence of interaction between miR-16 and ATP-sensitive inward rectifier K + channel (Romk2), Na
À cotransporter (Nkcc2 or Slc12a1) and Uromodulin or Tamm-Horsfall glycoprotein (Umod); miR-195 and Romk2, Nkcc2 and Umod; and miR-382 and Romk2 ( Figure 3A-C) .
miR-16 and miR-195 have the same seed region sequence important for target recognition. It is, therefore, not surprising that they share the same targets. miR-195 (or miR-16) and miR-382 have different seed region sequences and are predicted to bind to different sites in the 3 0 -UTR of Romk2. We tested the effect of simultaneous treatment with miR-195 and miR-382 mimics at low concentrations on the 3 0 -UTR of Romk2. When applied individually at 15 nM, miR-195 or miR-382 mimic did not significantly suppress luciferase activity (71 ± 11% and 87 ± 15% of control, respectively, n = 6, P > 0.05 versus negative control mimic).
When applied jointly at the same concentration (15 nM each), miR-195 and miR-382 substantially suppressed luciferase activity ( Figure 3D ). This was not because the total concentration of the mimics was greater with the combined treatment (30 nM in total) because the effect of the combined treatment was significantly larger than when each mimic was applied at 30 nM individually ( Figure 3D ). In addition, the effect size of the combined treatment (15 nM each for a total of 30 nM) was larger than the sum of the effects of each miRNA mimic applied individually at either 15 nM or 30 nM. The result indicated possible synergistic effects of miR-195 and miR-382 on the 3 0 -UTR of Romk2. Several combinations of three of the five miRNAs showing the largest fold enrichment in PCT or mTAL had one or more shared predicted target genes (Supplementary Table S3 ). In rat nephron segments, we found high miR-192 expression in PCT and low expression in mTAL (Figures 1 and  2 ; Supplementary Table S1 ). Consistent with these data, we previously showed high miR-192 expression in the rat renal cortex (where PCT are abundant) and low expression in the medulla (where mTAL are abundant) (16) . In fact, miR-192 is one of the most abundant miRNAs in the kidney cortex and the PCT.
As shown in Table 1 , miR-192 was predicted to target the Na + /K + -ATPase b1 subunit (Atp1b1). McDonough et al. (22) previously analyzed Atp1b1 protein in nephron segments and determined lower expression in PCT and higher expression in mTAL. Consistently, in our study we found Atp1b1 protein to be expressed at lower levels in rat kidney cortex compared with the medulla, whereas there was no significant difference in the alpha subunit expression. Moreover, the enzymatic activity of Na Relative expression difference is presented as fold difference (PCT/ mTAL) on logarithmic scale. n = 3, P < 0.05. the membrane fraction was significantly lower in the renal cortex compared with the medulla (42 ± 7 versus 88 ± 14 nmol/mg/min; n = 6-7, P < 0.05).
miR-192 contributes to renal handling of fluid balance
We examined the in vivo functional importance of miR-192 in conditions of increased sodium and water load. Mice were housed in metabolic cages, with urine output and water intake monitored over 24-h periods. miR-192 suppression was achieved by LNA-modified anti-miR-192 delivered as i.p. injections (10 mg/kg). Anti-miR-192 substantially suppressed miR-192 in kidney cortex 2 days after the injection ( Figure 4A) .
Suppression of miR-192 did not significantly affect urine output in mice that were fed with a 0.4% NaCl On the left side are miRNAs and the nephron segment in which they were more highly expressed. On the right side are their predicted protein targets and the nephron segment in which the proteins were more highly expressed. See text for details.
diet ( Figure 4B ). However, when mice were fed with a high-salt (4%) diet, the anti-miR-192 injection blunted the high salt-induced increase of urine output by $30% in the first 24 h of high salt intake ( Figure 4B ). Water intake was not statistically different between the animal groups.
Suppression of miR-192 causes up-regulation of Atp1b1 that correlates with a decrease in urine output
Mice injected with anti-miR-192 showed significant up-regulation of Atp1b1 protein to $160% of control levels, measured in kidney cortex 48 hours after injection ( Figure 5 ). Atp1b1 abundance appeared to correlate with miR-192 effects on urine output. By day 7 after the anti-miR injection, Atp1b1 protein was no longer up-regulated and urine output was not different in mice treated with anti-miR-192 compared with mice treated with scrambled anti-miR, even though miR-192 was still suppressed.
Sodium depletion results in suppression of miR-192 and is accompanied by a trend of increased Atp1b1 abundance in rat kidney
To further examine endogenously regulated changes in miR-192 and Atp1b1 expression, we fed rats with a control diet containing 0.24% sodium and then with a diet with only 0.03% sodium. Forty-eight hours after starting the low-salt diet, miR-192 was significantly suppressed to $55% of the basal level, whereas Atp1b1 abundance tended to increase ( Figure 6 ). -192) or anti-scrambled control (anti-neg) oligonucleotides were delivered to mice by intraperitoneal injection (10 mg/kg body weight). Forty-eight hours after injection, miR-192 expression was suppressed to $30% of control levels. n = 6, *P < 0.05 versus anti-neg. (B) Knockdown of miR-192 significantly attenuated the increase of urine output when mice were switched from a 0.4% NaCl diet to a 4% NaCl diet. All animals were fed with a 0.4% NaCl diet after receipt. After 4 days of acclimatization, 24-h urine collection was started and urine output on the 0.4% NaCl diet was measured for 5 days to ensure a stable baseline. Mice were then divided into four groups based on oligonucleotide and dietary treatment: (i) remaining on the 0.4% NaCl diet and receiving scrambled anti-miR (anti-neg) (n = 6); (ii) remaining on the 0.4% NaCl diet and receiving anti-miR-192 (anti-192) (n = 6); (iii) switched to a 4% NaCl diet and receiving anti-neg (n = 8) and (iv) switched to a 4% NaCl diet and receiving anti-192 (n = 8). *P < 0.05 versus the 'anti-neg, 4% NaCl' group. membrane-bound Na To test direct interaction between miR-192 and Atp1b1 3 0 -UTR, we performed the luciferase reporter assay. We tested constructs containing the whole 3 0 -UTR sequence, a 3 0 -UTR segment containing the predicted miR-192 binding site and the segment with introduced mutation at the predicted binding site ( Figure 8A ). The result indicated there was no direct interaction between miR-192 and Atp1b1 3 0 -UTR ( Figure 8B ). We examined the possibility that miR-192 interacted with the Atp1b1 5 0 -UTR (5) (6) (7) 23) . Alignment of the entire 5 0 -UTR sequence of Atp1b1 with the seed region sequence of miR-192 identified a single binding site at nucleotides À386 to À391, where +1 is the translation initiation site ( Figure 8E ). When cells were treated with pre-miR-192, luciferase activity was significantly reduced in the construct containing both the Atp1b1 promoter and 5 0 -UTR, which indicated that miR-192 interacted with Atp1b1 promoter and/or 5 0 -UTR ( Figure 8C ). The inclusion of the Atp1b1 promoter (the 1-kb sequence upstream of the transcription start site) in the construct was 
DISCUSSION
The present study provided novel evidence for an important and broad role of miRNAs in maintaining cell-specific characteristics in PCT and mTAL that may appear subtle 0 -UTR, we screened the 5 0 -UTR for sequence complementarity with the miR-192 seed region sequence (nucleotides 2-7 of the miR-192). We allowed for wobble base pairs (G-U).
but are physiologically critical. We demonstrated a direct role that miR-192 had in the regulation of a major transporter in renal epithelial cells, Na + /K + -ATPase. In vivo studies suggest a novel physiological mechanism in which miR-192 suppresses Atp1b1, which could contribute to kidney handling of solutes and fluids. We also showed that miR-192 interacted with Atp1b1 in an unconventional manner involving the 5 0 -UTR. miRNAs have been shown to be involved in a large number of developmental and pathological processes in different organs and tissues (10, 11) . However, the role of miRNAs in adult physiology is much less understood. Several studies have demonstrated the significance of miRNAs in determining cell-type-specific characteristics that are functionally important (24) (25) (26) . For example, Van Rooij et al. demonstrated that miR-208b and miR-499 knockout mice had substantial loss of slow (Type I) myofibers and increased abundance of fast (Type II) myosin isoforms. Conversely, over-expression of miR-499 induced complete conversion of fast into slow myofibers (26) .
In this study, we identified 55 miRNA-target pairs that consisted of segment-specific miRNAs and their predicted segment-specific protein targets, mainly transporters and channels, in PCT and mTAL. These miRNAs might contribute to determining segment-specific molecular characteristics of PCT and mTAL. miRNAs that are equally expressed across the segments may still be important in regulating transport activities; however, they are less likely to be involved in maintaining the specificity or differences between the segments. It would be important to confirm direct interactions between miRNAs and target genes in any future studies that intend to further examine the significance of the high-probability miRNA-target pairs that we identified. Moreover, it would be important to understand the molecular mechanisms underlying the differential enrichment of miRNAs in different nephron segments. The abundance of a miRNA, similar to mRNA, can be regulated at transcriptional and post-transcriptional levels.
miRNAs have been shown to be important in renal development and renal injury. Experiments in animals with cell-specific loss of dicer, an enzyme important for miRNA maturation, supported a role of miRNA in development and function of glomeruli, proximal tubules and renin-producing juxtaglomerular cells (27) (28) (29) (30) . miRNAs are involved in pathological molecular pathways in the kidney including epithelial-mesenchymal transition, fibrosis, diabetic or hypertensive injury, ischemic preconditioning and possibly hypertension (13) (14) (15) (31) (32) (33) (34) (35) . The role of miRNAs in renal physiology, however, is only beginning to be studied. Lin et al. (36) showed that miR-802 mediates the stimulatory effects of potassium on ROMK channel activity in renal cells possibly by targeting and suppressing caveolin-1 expression. Another study demonstrated that several miRNAs participate in cellular responses to osmotic stress in kidney cells (37) . The findings of the current study suggest that miRNAs could have wide-spread effects on renal physiology.
As a specific example, we demonstrated regulation of Na -ATPase was not formed when the alpha subunit was expressed first, followed by beta subunit expression later (50) . Further, beta subunit has a longer half-life than unassembled alpha subunit. These studies indicate that the beta subunit is a modulator with an important fine-tuning role in the enzyme's activity.
The majority of reported miRNA-target interactions occur through binding of miRNAs to 3 0 -UTR of target mRNAs. However, alternative mechanisms, such as interaction between miRNAs and 5 0 -UTR, have been shown in a small number of cases (5) (6) (7) 23) . Moretti et al. (6) demonstrated that miR-2 could specifically regulate translational process in vitro and in vivo, not only through interaction with the 3 0 -UTR but also equally effectively through interaction with the 5 0 -UTR or the open reading fragment (ORF). The 5 0 -UTR (and the ORF) can function as miRNA binding sites with mechanistically similar interactions as the 3 0 -UTR. It was suggested that miRNA-5 0 -UTR interaction obstructs translational initiation and also interferes with translating ribosomes (6, 51) . In our study, we have experimentally demonstrated inhibitory effect of miR-192 on the 5 0 -UTR of Atp1b1. The interaction appeared to depend in part on nucleotides 385-390 in the 5 0 -UTR. However, we cannot rule out the possibility that additional binding sites with a lower degree of homology may contribute to the effect of miR-192. miR-192 could also influence the reporter gene activity through indirect mechanisms. For example, miR-192 could potentially affect a protein that binds to the À386 to À391 region in the 5 0 -UTR sequence of Atp1b1. The kidney regulates whole body fluid and electrolyte homeostasis, which is mediated by filtration and transport activities in distinct nephron segments. The findings of the current study suggest that dozens or more miRNAtarget interactions might be involved in determining transport and other physiological characteristics of PCT and mTAL and that a novel physiological mechanism exists in which miR-192 suppresses Na SUPPLEMENTARY DATA
